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1. Introduction
This engineering design project sought to design a cheap and easy-to-use sensor to monitor
seismic connection rotations in steel buildings during earthquakes by using a linear ratchet
mechanism. The idea for the project goes against the mainstream of research that is seeking to
develop complex digital networks for monitoring structures in earthquake regions. The purpose of
developing an analog sensor in a digital world is to make structural seismic health monitoring
accessible to any project in the world. Seismic structural monitoring is critical to predicting the
remaining life of a building following an earthquake, as seen in Figure 1, and to provide researchers
with data to develop new techniques for constructing resilient structures. Whereas many modern
sensor networks require high-cost, professionally maintained digital networks, an analog sensor
could provide much of the same information at a fraction of the cost, allowing sensors to be more
widely utilized, particularly in developing countries. This project required an iterative engineering
design process to develop a sensor prototype. This prototype was then tested in a controlled
laboratory setting to verify its accuracy and to calibrate the device.
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steel buildings will
experience lateral loads
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Figure 1. Motivation for monitoring seismic connection rotations
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2. Background
Structural Health Monitoring (SHM) is the implementation of a system to identify and
predict damage to a building’s structural system (Farrar & Worden, 2007). SHM usually utilizes
electrical sensor networks to detect the stresses, deflections, rotations, and other mechanical
properties caused by earthquakes and extreme loads (Claus et al., 1997). Different types of sensors
can monitor structural members for different types of failure modes, and multiple sensor types are
often utilized simultaneously. This data is critical to inform engineers about the integrity of the
structure and the deterioration of structures under extreme loads. Obtaining data from buildings
experiencing real earthquakes helps to inform resilience requirements for future structures (Çelebi,
2000). SHM was first researched in earnest following a multi-disciplinary initiative by the National
Science Foundation in 1993 to develop systems to continually and empirically monitor aging civil
infrastructure (Liu & Tomizuka, 2003). The first SHM networks were wired networks connected
via coaxial cables, adding substantial installation costs to a project and prohibiting widespread
implementation (Lynch & Loh, 2006). Outfitting a single structure with a SHM system in 2000
cost about $50,000 (Çelebi, 2000). The next generation of SHM networks introduced wireless
sensor networks, but the wireless platform presents many more technical issues to maintaining the
network including battery life, data reliability, and signal interference (Wang, Lynch, & Law,
2007). While SHM is critical to building resilient and long-lasting structures, it can be cost
prohibitive on many projects due to its complex digital sensor networks. These sensor networks,
unique to each structure, must be installed and maintained by a team of professionals.
One failure mode frequently experienced by structures under seismic loading is fatigue.
Fatigue failures are often sudden, catastrophic failures that happen after a member has
experienced recurrent cyclical loading under its yield point (Xiong & Shenoi, 2011). Low Cycle
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Fatigue (LCF) failures occur when the member fails after less than 106 fatigue load cycles.
Damage investigations following the 1994 Northridge earthquake revealed that steel moment
frame connections, commonly used in industrial and tall buildings to provide ductility, are
particularly vulnerable to earthquake induced LCF failures (FEMA, 2013). Laboratory
investigations have also verified this; a study looking at one specific seismic connection
observed LCF failure after only 50 load cycles (Lim, Choi, & Sumner, 2012). Because this
number of cycles could be well-within the number of cycles experienced by a member over the
lifetime of a structure, it is necessary to monitor a structural system for fatigue to predict LCF
failures, particularly in regions of regular seismic activity.

3. Methodology
This device the measures the rotations experienced by seismic connections to determine
the number and magnitude of the load cycles experienced. As Lim, Choi, & Sumner (2012)
demonstrated, both of these factors contribute to how quickly the connection will fail. The design
uses a linear ratchet system to draw a pencil across specially designed graph paper as it rotates
with a seismic connection and plots the connection’s rotations. The original design for the linear
ratchet system was inspired by a design presented online by Luke McCoy as seen in (McCoy,
2015). As a “Tee” is rotated about a fixed pin in the center of the ratchet, the arms ratchet forward,
enabling the device to respond to rotation with linear motion. This motion is shown in Figure 2.
This design was adapted for plotting seismic rotations in several ways: First, the dimensions of the
“teeth” were drastically reduced so as to minimize the rotation required to advance the ratchet. By
reducing the size of the teeth, the device requires a smaller rotation to produce linear motion, which
increases its precision. Second, the design was modified so that the base plate would be fixed to
the column and the top plate to the web of the beam. This modification allowed the rotation of the
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connection to directly relate to the rotation of the device. Third, a pencil and specially designed
graph paper were added to record the rotations. An iterative design process was utilized in which
an initial prototype was constructed, miniaturized, and optimized. Each prototype was drafted in
AutoCAD and then fabricated.

As the tee rotates
about the pin…

… the arms
advance.

As the arms advance, the ratchet moves forward.
Figure 2. Linear Ratchet Motion (similar to McCoy, 2015)

3.1 Design Process
The design process required five design iterations to produce the final linear ratchet design.
A discussion of each design iteration and the design of the graph paper follows. A progression of
the prototypes can be seen in Figure 3.
3.1.1 Prototype one.
The first prototype was fabricated by hand out of ¼ inch thick plastic sheets using a jigsaw,
machine screws, Teflon strips, and some hollow aluminum tubing to serve as supports. This was
a large-scale prototype to serve as a proof of concept. The assembly worked well but was much
too large to serve in a practical setting. Figure 4 shows the CAD sketch of the first prototype.
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Prototype 1

Prototype 3

Prototype 2

Prototype 4

Final Design

Figure 3. Design Iterations

Figure 4. Initial Prototype CAD Sketch

3.1.2 Prototype two.
Each following prototype was cut out of 0.220 inches thick acrylic using a Glowforge Laser
cutter and assembled with stainless steel machine screws and epoxy. The second prototype sought
to exactly replicate the larger plastic model on a smaller scale. The AutoCAD sketches made for
the first prototype were scaled down to create a more practical sensor. The other major
modification to the original design was the introduction of a new pencil grip. Instead of using a
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spring-loaded mechanism like the original prototype, this prototype required a more compact
design. Two rubber washers were employed to grip the pencil along with a small piece screwed to
the face of the ratchet. The rubber washers worked very well to hold the pencil, and this would
become the design for all of the following prototypes. The second prototype was one of the first
products manufactured using the Glowforge machine, so as a result, the design team was still trying
to understand its capabilities. Because the device was constructed from drawings that were only
scaled down drawings of the original, the resulting parts had screw holes that were much too small
to fit any regularly sized machine screw, and larger holes were drilled using a hand-held power
drill. However, when these holes were drilled, no thought was given to the potential screw sizes to
be utilized, and the holes were oversized, resulting in shearing of the screws and inhibiting motion.
This screw shearing problem would continue to be a problem throughout the remainder of the
design process. Another problem with this prototype was the horizontal guides placed on the base
to guide the motion. Due to the incredibly smooth face of the acrylic, it was very difficult to
accurately place the guides in a way that would guide the motion of the ratchet without inhibiting
any motion. These problems were addressed in the next prototype.
3.1.3 Prototype three
The third prototype introduced standardized screw hole sizes, reduced arms, and a new
system to guide the motion of the ratchet. The design team decided to utilize #6 stainless steel
machine screws because they were small enough in diameter to work with the design without any
major adjustments, and they were readily available. Some experimentation was required to assure
the proper screw hole tolerances to minimize the screw shearing problem experienced with the
second prototype, and overall, the standardized screw hole sizes were a huge improvement over
the hand-drilled holes of the second prototype. One problem noted with the first prototype was the
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rear portion of the ratchet “arms” that grip the teeth of the ratchet to advance motion were impeding
the rotation of the device. In order to eliminate this problem, the portion interfering with the motion
was removed from the design because it was not necessary for motion. Additionally, instead of
using guides affixed to the base plate of the ratchet, a second pin was added through the ratchet to
restrict and guide the motion of the ratchet. This required a wider slot in the ratchet than previously
required and introduced a new spacer to ensure that the ratchet would not rotate with the force
applied but advance without being impeded by guides. These various adjustments to the design
were a vast improvement over the former prototype, but some tolerances still needed adjusting.
Additionally, no method had yet been developed to affix the ratchet to the seismic connection.
3.1.4 Prototype four
The main modification of this prototype was the addition of a large base plate to “sandwich”
the ratchet. This base plate serves two major roles: First, the base plate provides a smooth surface
to affix the specifically designed graph paper. Second, the base plate would provide a way for the
ratchet to be affixed to the seismic connection. The base plate rests in the web of the column while
the ratchet rests in the web of the beam. Several supports were also added to ensure a uniform
distance between the two portions of the device. In addition to the new base plate, further
adjustments were made to improve the operating tolerances in the device and provide more precise
motion.
3.1.5 Final design
The final design involved several minor adjustments and additions to the former prototype
and is shown in Figure 5 below. One problem that had faced several of the other prototypes was
the brittleness of the acrylic parts. During use, some of the parts experienced cracking and fracture.
To help prevent the devise from breaking during normal use, the ratchet “arms” and “tee” that
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enables the ratchet arms to advance when the connection rotates were enlarged to have stiffer cross
sections. The size of the teeth on the ratchet were reduced in order to allow the ratchet to advance
with smaller rotations of the connection. The supports connecting the ratchet face with the base
plate were redesigned to ensure uniform distance between the two faces across the ratchet and to
prevent the base plate from separating from the ratchet. A hole was added to the base plate to
enable easy access to the pencil as a convenience during device testing. Finally, parts were added
to the device to ensure a proper bond between the device and the connection. A “claw” was
developed to glue to the web of the beam in order to grab the ratchet and cause the ratchet to move.
A “fin” was also added to the end of the base plate to allow the device to be glued to the column
flange. These two parts are crucial to ensure that the device will rotate with the seismic connection.

Pencil
Holder

Ratchet

Arms

Tee

4.5"

6.0"
13.8"
14.6"

Figure 5. Final Design Drawings

Base Plate
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3.1.6 Graph paper design
At the heart of the linear ratchet system is its ability to accurately record seismic
connection rotations. The two most important values needed are the number and magnitude of
rotations experienced because these are the two factors that most influence LCF. The ability of
the linear ratchet to move linearly in response to rotations allows the device to record distinct
data points, providing the number of cycles the connection has experienced. Recording the
magnitude of each rotation requires a circular reference. Polar graph paper was drafted to
correlate arc length with the magnitude of rotation. If an arc is drawn with a center point P, then
the length of the arc is directly related to the magnitude of the angle of rotation, Q, about point P.
Theta is found by dividing the length of the arc by the radius of the arc. The equation to find
theta is shown in Figure 6. The polar graph measures the arc length, and since the radius of
rotation is known at that point, divides the arc length by the radius of rotation to give the rotation
in radians.

Q [rad] =
P

L
R

s, R
Radiu
Q

Figure 6. Graph Paper Rotation Calculation

Arc Length, L
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The graph paper uses the distance from the pencil to the center pin of the ratchet as the
radius of the rotation, but this does not represent the rotation of the seismic connection. A
calibration constant is required in order to obtain the rotation of the seismic connection. Figure 8
shows the relationship between the two rotations and how the calibration constant was calculated.
As the ratchet advances, the pencil is pulled closer to the center pin, so the radius of rotation
decreases. The graph paper must be tapered to fit the decreasing radius. The graph paper denotes
rotations at 1/160 radian increments and is shown in Figure 7 below.
The rotation history plotted on this graph paper allows enable engineers to make residual life
determinations. For future testing, it would be beneficial to develop a correlation between the load
cycles recorded and the residual life of the connection so that a visual representation of “how close”
the connection is to failing can be printed directly onto the graph paper. If this relationship is
understood, a marker could be printed on the graph paper indicating the potential “failure point.”
This would minimize the expertise needed for inspectors to monitor and evaluate the recorded data
and thus minimize labor costs for inspections, helping to eliminate one of the issues with analog
sensors (Çelebi, 2000).
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By the arc-length equation,
,

𝜃$ [rad] = -

Using a proportion to look at the maximum distance from the center pin,
𝑥 7.5"
7.5" ∗ 𝑦
=
⟹ ∆=
𝑦
Δ
𝑥
Therefore, by the arc length formula and substitution,
𝜃8 =
=

∆
13.5"
7.5" ∗ 𝑦
13.5" ∗ 𝑥

= 0.556 ∗ 𝜃$
Figure 8. Calibration Constant Derivation

3.2 Laboratory Testing
The goal of laboratory testing of this device was to verify that the rotations that the device
plots are true to the rotations experienced by the connection. In order to accomplish this goal, a
typical beam-column seismic connection configuration was constructed in the Steel Structures
Research Laboratory and affixed to a self-reacting frame assembly. On the other end of the beam,
a hydraulic actuator was affixed to apply measured displacements to the end of the beam. This
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testing configuration is shown in Figure 9. Because the displacements are known, as is the length
of the beam, the rotations at the connection can be easily calculated by the arc length equation.
The applied rotations were compared against the rotations measured by the linear ratchet by
calculating the percent error for each displacement.
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Figure 9. Laboratory Test Configuration

4. Results & Discussion
Laboratory testing of the linear ratchet device was carried out on March 29, 2019 in the
Steel Structures Research Laboratory at the University of Arkansas. Figure 10 shows a picture of
the test setup. Table 1 lists the numerical results from the device testing. Through the experiment,
20 data points were recorded on both the displacement sensor and the linear ratchet. The linear
ratchet recorded rotations with an average percent error of 9.8 percent. Figure 10 shows the actual
graphical output of the linear ratchet with the measured values superimposed over the image.
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Displacement Sensor

Linear Ratchet

Hydraulic Actuator

Figure 10. Testing Setup

There are several possible sources for the 9.8 percent error. The first, and most obvious, is
that the measurements taken from the ratchet’s graph paper must be read off by a person and then
transcribed, adding an element of subjectivity. Additionally, there are several data points denoted
in the displacement sensor’s output that did not correspond to any data point on the linear ratchet.
Two of these points are at the beginning and were “test points” to ensure the apparatus was working.
The missing data points at the end of the record occurred because the pencil lost contact with the
graph paper and did not leave a mark. As a result, is not possible to discern distinct data points.
These gaps in the data leave only 20 data points, which is an adequate sample size, but the average
percent error would likely decrease with more data.
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Table 1: Numerical Test Data
Data
Point

Measured
Rotation
[rad]

Ratchet Recorded
Rotation
[rad]

1
2
3
4
5
6
7

-5.59827E-05
-0.020055581
-0.001874325
-0.032623128
0.02192373
-0.029488961
0.020333488

-

8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

-0.034460398
0.025073336
-0.031017446
0.02315887
-0.034522155
0.026817971
-0.028994905
0.021460553
-0.027404663
0.0266327
-0.02868612
0.022572178
-0.026879728
0.019206423
-0.035510267
0.021568627
-0.030631465

Average Percent Error:

-0.002
-0.042
0.026
-0.031
0.023
-0.040
0.027
-0.029
0.024
-0.037
0.027
-0.028
0.021
-0.027
0.024
-0.027
0.019
-0.027
0.016
0.016
9.82%
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Figure 11: Recorded Graphical Data

5. Conclusion
This engineering design project sought to create a low-cost and easy-to-use sensor to
monitor seismic connections for low cycle fatigue and to give an indication of remaining life. The
end result was a seismic connection rotation sensor based on a linear ratchet system. After
laboratory testing, the average percent error was less than ten percent, so we can be reasonably
confident that the linear ratchet provides an adequate representation of the number and magnitude
of load cycles experienced by the seismic connection. Therefore, the device is a viable SHM sensor
and should be deployed wherever possible to help gather greater amounts of data on seismic
connection rotations where data has not been previously available.
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